1. Thermal waters, characterised by high water temperatures throughout the year, harbour a special flora atypical of temperate climatic conditions that are adapted to the combination of high water temperatures and low oxygen and carbonate contents. However, these ecosystems are susceptible to the invasion of tropical
| INTRODUCTION
Inland waters harbour a large number of macrophytes that are rare or threatened , and these plants contribute to freshwater biodiversity at the regional level (Williams et al., 2004) . However, they are threatened by habitat degradation and eutrophication (Sand-Jensen, Riis, Vestergaard, & Larsen, 2000) . Thermal rivers are a hotspot for unique aquatic flora in Central Europe. Because of their year-round high temperatures these rivers can provide suitable habitat for invasive aquatic plants originating from biomes with a warmer climate, such as the tropics or subtropics (Luk acs et al., 2015) . Due to this susceptibility to invasion, the biodiversity of thermal waters is at risk; hence, improved knowledge of alien macrophyte establishment is needed for effective conservation and ecosystem management.
Thermal rivers are characterised by low oxygen and carbonate contents, as well as high temperatures throughout the year. The higher temperatures may expand the length of the growing season and positively affect growth rates and the timing of flowering and fruiting in native macrophyte species (Haag & Gorham, 1977; Santamaria & van Vierssen, 1997) . Furthermore, these special environmental conditions make thermal rivers highly prone to the establishment of frost-sensitive plants (Hussner & L€ osch, 2005; Sajna, Haler, Skornik, & Kaligari c, 2007) , including several alien species that are considered to be serious threats to biodiversity.
Tropical and subtropical macrophytes have generally been introduced into temperate climate zones for horticultural or aquarium trade (Luk acs, Mesterh azy, Vid eki, & Kir aly, 2014; Sajna et al., 2007) , which causes problems all over Europe (Brunel, 2009; Champion, Clayton, & Hofstra, 2010) and North America (Maki & Galatowitsch, 2004) . Hussner, 2014) . Based on predicted climate change scenarios, the climate will be warmer and drier in many parts of the temperate zone, which will likely facilitate the colonisation of even non-thermal waterbodies by tropical and subtropical alien macrophytes. These species can easily enter waterbodies via epi-or endozoochorous dispersal by waterfowl (Brochet, Guillemain, Fritz, Gauthier-Clerc, & Green, 2009) . Warm temperatures during winter might open "windows of opportunity": more tropical and subtropical species can overwinter even in non-thermal waterbodies by forming dense mats before the spring establishment of submerged native macrophytes (see, e.g. the case of A. filiculoides in the study by Espinar et al., 2015) . To estimate the potential of tropical and subtropical macrophytes to invade and establish in temperate climates, even in nonthermal waterbodies, it is crucial to study their persistence traits, such as their ability to produce persistent seed banks.
Seed banks are of crucial importance in vegetation dynamics (Fenner & Thompson, 2005) . Studying the seed banks of invaded communities is a key issue because the legacy of plant invasions largely depends on (1) the ability of native species to buffer against their displacement from the above-ground vegetation and (2) the persistence of alien species in a community (Gioria & Py sek, 2016) .
Both factors are strongly related to the seed-bank characteristics of the native and alien species present and are crucial determinants of the resilience and long-term invasibility of communities. In their comprehensive study about species traits of invasive and native vascular plant species in north-western Europe, Thompson, Hodgson, and Rich (1995) found that aliens have less persistent seed banks,
i.e. seeds in the lower sediment layer (Fenner & Thompson, 2005) , than spreading native species. Gioria and Py sek (2016) found that the seed density of alien species can vary from very low to very high in invaded communities depending on the reproductive strategy of the invaders and several characteristics of the invaded habitat.
The density of seeds in persistent seed banks and the similarity between the current vegetation and seed banks are largely affected by successional stages, community stability and disturbance regimes, reflecting that seed banks may play different roles in the vegetation dynamics of different plant communities (Bossuyt & Honnay, 2008; Hopfensperger, 2007) . Many studies have found that both seed density and the similarity between vegetation and seed banks are lower in relatively stable habitats (Bossuyt & Honnay, 2008; Valk o et al., 2014) , where traits associated with successful establishment are generally more important than effective dispersal in time and space (Bossuyt & Honnay, 2008; Brown & Oosterhuis, 1981) . Thermal waters have well-balanced temperatures throughout the year and can be considered stable habitats in this respect; thus, the total seed density and similarity between vegetation and seed banks should be low. However, it remains unknown whether alien macrophyte species can build up persistent seed banks in such habitats. It is crucial to answer this question in order to develop proper strategies for the long-term suppression of these species.
In aquatic environments, propagule banks represent the sum of various reproductive organs, not only seeds but also asexual propagules (Poiani & Johnson, 1989) . It is generally accepted that reproduction by seeds is of secondary importance in the case of macrophytes and that populations are maintained mainly by vegetative reproduc-seed banks in various community dynamics, such as the colonisation of habitats, population maintenance (McMillan, 1988; Terrados, 1993) and community re-establishment (Bonis & Lepart, 1994; Grillas et al., 1993; Leck & Simpson, 1987) . Moreover, knowledge on the relationship between soil seed banks and above-ground vegetation can help conservation efforts managing exotic species and restoring habitats (Hopfensperger, 2007; Ma, Zhou, & Du, 2010) .
In most studies undertaken on the seed banks of aquatic vegetation, their composition was analysed in relation to either the vegetation or the water and sediment depth in order to determine the potential to rehabilitate species and habitats. In this study, we provide a detailed analysis of the viable seed banks of native and alien macrophytes in relation to the vegetation along a thermal river in
Hungary that showed a gradient from warm and relatively stable temperatures upstream to cooler temperatures downstream. Specifically, we formulated the following hypotheses: (1) alien and native plant species will be clearly separated along the river, and this separation is driven by environmental factors (water temperature, pH and sediment characteristics); (2) the species composition of seed banks reflects that of the established macrophytes, and thus seed-bank composition will differ in up-and downstream reaches.
| MATERIALS AND METHODS

| Study site
The study was carried out in a thermal river in H ev ız, West Hungary (46°47 0 N, 17°11 0 E), which is a natural but canalised small river with a constant water level. As the river originates from a thermal lake, the water temperature, conductivity and pH are approximately constant throughout the year at the upstream site (Figures 1 and 2 ), but temperatures are cooler downstream. The oxygen content, which is temperature dependent, shows constant values in upstream reaches but varies downstream due to the effects of water temperature, turbulence and vegetation cover (see Figure 1) . The total river length is c. 13 km, and the river flows at an elevation range 113-104 m a.s.l.
The annual rainfall is estimated to be 650-700 mm with a mean annual temperature of 10-11°C in the surrounding area. The thermal lake and the river attract attention from tourists and nature conservationists, and the latter monitor and manage the area while the former use the lake as a spa. The thermal lake is nationally protected and is part of a nature reserve. The thermophilous vegetation of the river is characterised by native and alien hydrophytes (submerged and emergent) and predominantly native helophyte vegetation.
Although the historic vegetation of the lake and the river is less known, it has been confirmed that after the lake began to serve as a spa, it was also utilised for horticultural purposes (Boros, 1937; Szab o, 2002) . The first description of the vegetation in the lake and its surroundings was provided during the 18th century (Luk acs, 1943 During the 19th century, tropical Nymphaea species and Nymphaea cultivars were planted in the lake for ornamental purposes (Lovassy, 1908) . During the 1980s, aquarium plants were cultivated in the river, and community composition has been stable since that time.
| Vegetation survey and environmental conditions
We established 20 sampling plots (2 9 2 m each) randomly in the littoral zone of the H ev ız River. As the distribution of alien species is uneven along the river, we established 10 plots in the upper section 
| Seed-bank sampling and germination
Viable seed banks were analysed with the seedling emergence method (Poiani & Johnson, 1988) . Five sediment cores ( The total number of sunny hours was 1,743 (i.e. 385 cooling degree days using 19°C as the base temperature) during the germination period (KSH, 2014) . The daily minimum air temperature in the greenhouse ranged between 10°C (in April) and 26°C (in July), and the daily maximum air temperature ranged between 12°C (in October) and 41°C (in July). We found significant correlations between the environmental variables and both the vegetation and seed-bank characteristics (see Table S1 ). None of the vegetation variables was significantly correlated with the sediment variables. The Shannon diversity of helophyte species in the vegetation increased significantly with higher water temperature, while it decreased with higher oxygen content and pH. Hydrophyte species diversity decreased significantly with higher water temperature and conductivity, while it increased significantly in oxygen-rich water. The diversity of native species showed a negative relationship with water temperature and conductivity, while it increased with higher water oxygen content. Alien species diversity decreased with higher water TN, oxygen content and pH, while it increased with higher water temperature and conductivity.
In the seed bank, helophyte species diversity decreased with higher sediment TN, water temperature and conductivity, while it increased with higher water TN, oxygen content and pH. Hydrophyte species diversity in the seed bank decreased with higher water temperature and increased with higher pH. The diversity of the germinated native species decreased with higher sediment TN, water temperature and conductivity and increased with higher water TN, oxygen content and pH (Table S1 ).
| Vegetation and seed-bank characteristics
Altogether, we found 34 species in the vegetation (26 native, 8 alien) and 19 species in the seed bank (17 native, 2 alien). Seven species were present both in the vegetation and the seed bank, while 27 species were found only in the vegetation and 12 species were present only in the seed bank (Table 1 ).
In the upstream plots, 21 species occurred in the vegetation ( (Table 2 ). However, there was no significant difference between up-and downstream seed banks in terms of in total species richness, helophyte species richness or in terms of the cover of helophytes and hydrophytes. Furthermore, there was no difference in alien species number or in the seed density of hydrophytes and alien species, although the highest seed density and diversity were recorded in downstream plots.
| DISCUSSION
We studied the characteristics of the vegetation and the seed bank in up-and downstream reaches of a thermal river in Hungary that harboured alien and native aquatic plants. The results partly confirmed our first hypothesis. We found that alien species of macrophytes dominated upstream, while in the downstream section only one alien species was detected. The clear separation of Alien and native species along the river might have been due to environmental conditions we measured (water temperature, pH and sediment TN), but other factors may have been influential. In addition, the lack of a replicate thermal river, where we could have repeated our observations of the potential links between, say, water temperature and macrophyte composition limits our ability to make generalisations from our findings. Nonetheless, the role of temperature does seem likely to have been responsible for at least some of the upversus downstream differences that we observed Contrary to our second hypothesis, the species composition of the seed bank did not reflect that of the vegetation. Alien species had consistently fewer seeds in the sediment samples compared to natives along the river, while natives had fewer seeds in the F I G U R E 3 Redundancy analyses of the effect of environmental variables on the above-ground vegetation and seed-bank species composition of the upstream and downstream plots. The ordination is based on species abundance data. TN = total nitrogen; TP = total phosphorous; Cond. = conductivity; Temp. = temperature. Species are abbreviated using the first three letters of their genus and species names. Lemna minor is abbreviated as Lem.mir, and Lemna minuta is abbreviated as Lem.mia. Alien species are indicated with framed species names T A B L E 1 Species found in the vegetation plots and seed bank samples in the two (upstream and downstream) sections of the river. Alien species are highlighted with grey. NPlot = number of plots where the species occurred in the vegetation; % = average cover of the species in the plots where they occurred; NSamp = number of samples from which the species germinated; NSeed = total number of germinated seedlings of the species; n = total number of plots and samples. Classification of life forms follows Hutchinson (1975) upstream plots compared to the downstream plots. These findings strongly suggest that seed banks played a secondary role in the reproduction of alien species at our study site. Although we confirmed that native species were able to form a seed bank, we assume that if natives were to germinate in the upstream section, they could be suppressed by the more competitive alien species, and therefore the seed bank of natives is slowly being depleted. 
| Vegetation and seed-bank characteristics
In this study, we detected far fewer species in the seed bank compared to other freshwater studies (Boedeltje et al., 2003; Yang & Li, 2013) , suggesting that seed banks play a secondary role in maintaining the diversity of aquatic plant communities in these thermal waters. The role of seed banks in aquatic plant communities is debated. Although it has been shown that most species are able to produce seeds, vegetative reproduction among aquatic plants is more frequent than sexual reproduction (Grace, 1993) . Nevertheless, where the longevity of asexual plant parts is shorter than that of their seeds (Li, 2014) .
Although we recorded a low Sørensen similarity score for the seed bank and vegetation (the value in the alien-dominated upstream section was close to zero), this pattern is not seen only in riverswhether thermal or otherwise. Compared to our results, similarity in the species composition of the vegetation and the seed bank is generally higher in wetlands: for example, Sørensen similarity values of 0.3-0.4 were reported by Yang and Li (2013) in wetlands on the Yangtze River floodplain. However, this value can be as high as 0.5-0.7 in the case of terrestrial grasslands (Hopfensperger, 2007) .
The low similarity scores between the seed bank and the vegetation found in this study may be a result of a variety of factors. First, low similarity values might be owing to small or non-existent seed banks of the dominant species. We detected persistent seed banks only in the case of native species, such as Chara vulgaris, Nymphaea alba, Typha angustifolia, Najas minor, Urtica dioica and Juncus spp.
Limited seed persistence is also indicated by the low overall seed density in the deeper sediment layers. Second, seed-bank samples contained large quantities of seeds of riparian plants, which had been transported by the river and eventually sank to the bottom.
For example, Typha angustifolia and Lythrum salicaria were abundant in the seed bank but were present only in the vegetation of the riverbank. Similar results were found by Boedeltje et al. (2003) for Lythrum salicaria. Third, a higher sampling intensity would have led to the detection of more species in the seed banks. We think this is unlikely because Brock, Theodor, and O' Donnell (1994) suggested 10 samples per site is a substantial effort for studies of wetland seed banks, and this was equivalent to the effort in our study (10 samples per section). Finally, dispersion and buoyancy of seeds from remote areas can result in low similarity values, implying that seeds of common riverbank species immediately sink when released on the water Species numbers in the seed bank are given for five cores pooled together from the same plot. *p < .05; **p < .01; ***p < .001; n.s. = not significant.
or float for a very long time instead of sinking to the sediment.
Although we lack comparative data on the seed buoyancy of aquatic species, Johansson, Nilsson, and Nilsson (1996) revealed that the proportion of species that float longer than 2 days was higher in river-bank flora than in other habitats. The difference between seed densities in up-and downstream reaches could also have been a consequence of temperature differences. High temperatures not only decrease the compositional similarity of the seed bank and vegetation but can also limit seed production and seed germination in native species (as suggested by the results of the Spearman rank correlation).
| Conclusions and conservation importance
A considerable amount of seeds of native species was found downstream relative to the upstream reach, which was mainly inhabited by aliens with a higher temperature optimum. Natives were largely confined to the cooler downstream reaches, and hence were rare in the upstream seed bank. The alien-dominated upstream river section had a lower and less species-rich seed-bank density, but the seeds of alien plants were scarcer and less speciose downstream tan in the upstream reach. These results suggest that the seed bank plays a secondary role compared to vegetative reproduction, at least for alien species, and that vegetative reproduction might be a predominant means of in maintaining their populations in thermal rivers.
Where such populations are established as the result of a single event, the dominance of a single clone can result in genetic homogeneity (Wang, Wang, Guo, & Barrett, 2005) . This homogeneity is especially risky in the case of heterostylous aquatic plants, in which the same species develops different morphs (with different positions of sexual organs inside the flower) to avoid self-pollination. Heterostyly appears often among aquatic plant species such as Nymphaeaceae and Pontederiaceae. Single-clone populations with only one form of floral morphology often fail to produce viable seeds (Shibayama & Kadono, 2003) , and their persistence is dependent upon vegetative reproduction. However, the species included in this study have not been shown to be heterostylous, and the presence of a single clone -instead of genetic heterogeneity in the population -may be the cause of low seed production and germination by alien species.
Our results suggest that for effective conservation management, the clearing of alien species from the vegetation would prove to be sufficient means for controlling them, as their renewal from the seed bank is very unlikely. Tropical and subtropical alien macrophytes are able to establish and maintain viable populations in thermal rivers such as the one that we studied, but the invaders did not build persistent seed banks, and thus it is unlikely that they could spread to non-thermal temperate waterbodies. Although it cannot be excluded that they can disperse to such non-thermal habitats (e.g. via zoochory by waterfowl), the lack of persistent seed banks would limit their ability to sustain population over the long term. However, we found that the alien macrophytes could alter both the above-ground species composition and seed banks in upstream reach of our study site, and probably constrained re-establishment of native species from the seed bank. This difference between river sections may require suite-specific management strategies of conservation of native plants and control of their alien counterparts.
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